Introduction
Vasomotion is the oscillation of vascular tone or vascular diameter that can be detected in many vascular segments (1) . These spontaneous or induced oscillations of blood vessel diameter occur independently of cardiac and respiratory cycles, or the propagation of pulse pressure (2) .
Intrinsic oscillatory activity, or vasomotion, within the microcirculation has many potential functions, including modulation of vascular resistance (3), increased vascular conductance (4), reduced energy usage when compared to a constant contraction (1), tissue oxygenation (5) , and capillary exchange function (6) . Additionally, increased vasomotion correlates positively with increased blood pressure in some experimental models of hypertension (7, 8) . These findings, together with the observation that vasomotion seems to be less prevalent in hypertensive rats treated with ACE inhibitors (9, 10) , seem to indicate that high blood pressure evoked through several different mechanisms may induce the oscillations.
Various cellular mechanisms have been proposed to contribute to oscillatory activity, including action potentials generated by pacemaker cells, intercellular communication, activation of voltage-operated calcium channels, sarcoplasmic reticulum calcium pool, potassium (K + ) channels, Na + /K + -ATPase pump and nitric oxide (NO) (11) (12) (13) Whereas the great majority of oscillatory activities occur spontaneously and are characterized by contractionrelaxation cycles that occur in a time frame of 60-120 s for each cycle, we have observed that mouse small mesenteric arteries display a unique contractile oscillatory activity, characterized by a low frequency (1 cycle every 10-12 min) and which is observed with the use of agents that evoke contractile response, such as phenylephrine (PE), an α-1 adrenergic agonist, or U-46619, a thromboxane A 2 (TXA 2 ) mimetic. These contraction-relaxation cycles do not occur at basal tonus. Therefore, the objective of the present study was to determine the mechanisms involved in this peculiar oscillatory activity of murine small mesenteric arteries. We hypothesized that the oscillatory contraction reflects a contribution of Na + /K + -ATPase. Different approaches were used to inhibit Na + /K + -ATPase in vitro and in vivo to test this hypothesis. Additionally, the presence of the α-1 and α-2 isoforms of Na + /K + -ATPase was demonstrated in mouse resistance mesenteric arteries.
Material and Methods

Animals
Male C57BL/6 mice (16 weeks old, 25-30 g; Harlan, USA) were used in these studies. All procedures were performed in accordance with the Guiding Principles in the Care and Use of Animals, approved by the Medical College of Georgia Committee on the Use of Animals in Research and Education. The animals were housed 4 per cage with a 12-h light/dark cycle and fed a standard chow diet and water ad libitum.
Preparation and study of mesenteric arteries
After euthanasia, the mesentery was rapidly excised and placed in an ice-cold physiological salt solution (PSS), pH 7.2, containing 130 mM NaCl, 14.9 mM NaHCO 3 , 5.5 mM dextrose, 4.7 mM KCl, 1.18 mM KH 2 PO 4 , 1.17 mM MgSO 4 .7H 2 O, 1.6 mM CaCl 2 .2H 2 O, and 0.026 mM EDTA. PSS was maintained at 37°C and was continuously bubbled with a mixture of 5% CO 2 and 95% O 2 . First-order mesenteric arteries were carefully dissected and mounted as ring preparations on two stainless steel wires (≅200 mm in length with an internal diameter ≅100 to 150 µm) in an isometric Mulvany-Halpern small-vessel myograph (Danish MyoTech, Denmark). In some vessels, endothelium was removed mechanically, by rubbing gently with metal wire. One wire was attached to a force transducer and the other to a micrometer. Both dissection and mounting of the vessels were carried out in cold (4°C) PSS. The segments were adjusted to maintain a passive force of 2.5 mN. Vessels were equilibrated for 45 min in PSS at 37°C. Arterial integrity was assessed first by stimulation of vessels with 120 mM KCl (in a solution where osmolarity was corrected) and, after washing and a new stabilization period, by contracting the segments with 3 µM PE, followed by stimulation with 10 µM acetylcholine (ACh).
Oscillatory activity was assessed by contracting the segments with 0.1 to 10 µM PE or with 0.01 µM U-46619, the stable analog of the prostaglandin H 2 endoperoxide (PGH 2 ) that serves as a TXA 2 mimetic. To study the contribution of NO and prostaglandins to the PE-induced oscillatory activity, experiments were performed in the presence of 100 µM L-NAME and 10 µM indomethacin, respectively, or both. To study the role of calcium-activated potassium (K Ca ) channels in PE-induced oscillatory activity, experiments were performed in the presence of 100 µM tetraethylammonium (TEA), a nonselective K + channel blocker, 0.1 µM UCL-1684, a selective small calcium-activated K + channel (SK Ca ) inhibitor, or 10 µM TRAM-34, a selective intermediate calcium-activated K + channel (IK Ca ) inhibitor. These drugs were chosen because previous studies from our laboratory have shown that K Ca , SK Ca and IK Ca are the main K + channels present in small mesenteric arteries (14) . The vessels were incubated with 100 µM ouabain to test the role of the Na + / K + -ATPase pump in PE-induced oscillatory activity. Some experiments were performed in K + -free medium, obtained from modified PSS. When antagonists or inhibitors were used, drugs were incubated for 30-45 min. Time control experiments were performed to determine if force development of small mesenteric artery rings were related to effects other than those of each antagonist/inhibitor. Some results are presented as representative tracings of the vessels' behavior in different experiments, and "n" represents the number of experiments performed. The oscillatory contractions were also quantified both in terms of their frequency and magnitude of force, the latter reported as percentage of PE-induced contraction.
Blood pressure measurement and ouabain-induced hypertension
Surgery was performed in control mice (N = 8; Jackson Laboratories C57BL/6J) to implant blood pressure radiotelemetry transmitters (Data Sciences PA-C20, International, USA). Briefly, after isoflurane anesthesia, the transmitter was implanted into the abdominal aorta via a 2.5 to 3 cm laparotomy under aseptic conditions, and the transmitter body was routed to a subcutaneous pocket in the midback region. The incision was infiltrated with bupivacaine and closed with sterile 6-0 Ethicon Ophthalmic suture. Following recovery, the mice were housed in individual cages in the laboratory animal facility and provided with standard laboratory chow and water ad libitum. Mean arterial pressure (MAP) was measured from 12:00 pm to 6:00 am (i.e., during a period of 18 h) every day, and studies were started only after normal circadian rhythm was reestablished (7 days post-surgery). After 1 week of baseline MAP measurement, animals were anesthetized with isoflurane and a mini-osmotic pump (Alzet, Durect Corporation, USA) was implanted to deliver ouabain subcutaneously for 14 days at a rate of 300 µg·kg -1 ·day -1 . 
Western blotting
Mesenteric arteries from untreated mice were used for α-1 subunit expression. Mesenteric arteries, aorta and heart from ouabain-treated animals were used for α-1 and α-2 subunit expression. Tissues were isolated, cleaned from fat, dissected and frozen in liquid nitrogen. Proteins were extracted from mesenteric bed, aorta or heart and immediately homogenized in ice-cold buffer containing 10 μL protease inhibitor cocktail (cat# P8340, Sigma, USA), 100 mM sodium ortovanadate, 100 mM PMFS, and 1 mL protein extraction reagent (Pierce, USA). The homogenate was kept on ice for 30 min (vortexed every 5 min -extraction period). The homogenate was centrifuged for 30 min at 8500 g and the supernatant was utilized. Protein quantification was performed by bicinchoninic acid assay (Pierce) using bovine serum albumin as standard. Laemmli sample buffer (Bio-Rad, USA) was added to the protein (1:1, v/v) and heated to 100°C for 5 min. The proteins (40 μg) were separated by electrophoresis on a 10% polyacrylamide gel and transferred to a nitrocellulose membrane. Nonspecific binding sites were blocked with 5% skim med milk in Trisbuffered saline solution with Tween (0.1%) for 1 h at 24°C. Membranes were then incubated with antibodies overnight at 4°C. The following antibodies were used: Na + /K + pump (1:250; Affinity BioReagents, USA), anti-HERED α-2 isoform of the Na + /K + -ATPase (1:500), anti-HERED α-1 isoform of the Na + /K + -ATPase (1:500), and β-actin (1:1000, Sigma-Aldrich, USA). Anti-HERED antibodies were provided by Dr. Deborah L. Carr and Dr. Thomas A. Presley, Texas Tech University Health Sciences Center.
After incubation with secondary antibodies, signals were developed by chemiluminescence, visualized by autoradiography, and quantified densitometrically. Results were normalized by β-actin.
Data analysis
Results are reported as means ± SEM. The Student t-test was used to compare experimental to control mice. In some experiments, ANOVA and Bonferroni's post-test were used. Probability values <0.05 were considered to be significant.
Drugs
Acetylcholine chloride, bupivacaine, indomethacin, Nω-nitro-L-arginine methyl ester (L-NAME), ouabain octahydrate, phenylephrine chloride, tetraethylammonium chloride (TEA), and 1-[(2-chlorophenyl)diphenylmethyl]-1H-pyrazole (TRAM-34) were purchased from Sigma. 9,11-Dideoxy-9α,11α-methanoepoxyprostaglandin F2α (U-46619) was purchased from Calbiochem (USA). 6,12,19,20,25,26-Hexahydro-5,27:13,18:21,24-trietheno-11,7-metheno-7H-dibenzob,n [1, 5, 12, 16] tetraazacyclotricosine-5,13-diium ditrifluoroacetate (UCL-1684) was purchased from Tocris (Ellisville, MI, USA).
Results
Profile of the oscillatory activity and effect of endothelium removal
Oscillatory contractions in small mesenteric arteries were not observed at basal tension levels, as shown in Figure 1A . Upon stimulation with PE, a low frequency (1 cycle every 10-12 min) oscillatory activity was observed ( Figure 1B ). Oscillatory events were observed upon stimulation with PE at different concentrations (0.1 to 100 µM) and, consequently, at various levels of PE-induced tension (data not shown). The oscillatory activity in PE-contracted vessels was observed either upon stimulation with 10 µM ACh or in vessels contracted with PE in the absence of ACh ( Figure 1C ). Most of our figures report oscillatory activity upon stimulation with both PE and ACh to illustrate integrity or removal of the endothelium. Since the oscillatory activity only occurred in contracted vessels, we determined if this response was specific for PE. Contractile experiments were performed with 0.01 µM U-46619, the stable analog of PGH 2 or a TXA 2 mimetic, and the same profile of oscillatory activity was observed ( Figure 1D ). After PE-induced (3 µM) contraction, oscillatory activity was observed in small endothelium-intact mesenteric arteries (Figure 2A ), but not in endothelium-denuded vessels ( Figure 2B ). In the next set of experiments, whose objective was to characterize the mechanisms involved in the contraction-relaxation cyclic response, oscillatory contractions were induced by adding 3 µM PE to endothelium-intact vessels.
Role of endothelium-derived hyperpolarizing factor, nitric oxide and prostacyclin As described before, the oscillatory activity developed by small mesenteric arteries is endothelium-dependent. Endothelium-dependent relaxations are achieved by a combination of endothelium-derived relaxing factors: prostacyclin (PGI 2 ), NO, and endothelium-derived hyperpolarizing factor (EDHF), with the last playing an increased role in smaller or resistance vessels (15) . The following experiments were performed in order to determine which of these components would also contribute to the oscillatory activity.
Increased extracellular K + concentrations were used as an experimental approach to test the role of EDHF in the oscillatory activity. No contraction-relaxation cycles were observed in vessels stimulated with 90 mM K + , as shown in Figure 3A . The addition of 3 µM PE did not restore the oscillatory activity in these vessels ( Figure 3B ). Oscillatory activity was not observed when vessels were contracted with PE plus 10 mM K + ( Figure 3C ). Small mesenteric arteries were incubated with 100 µM L-NAME, to block NO synthesis, with 10 µM indomethacin to block synthesis of PGI 2 or cyclooxygenase (COX)-derived products, or both. The profile of oscillatory activity (magnitude of contractions) was not changed by these drugs, showing that NO and COX-derived products are not involved in this phenomenon ( Figure 4A ). Force development during initial PE contraction was slightly increased in the presence of 100 µM L-NAME (6.8 ± 0.2 mN) and 10 µM indomethacin (7.1 ± 0.2 mN) or both (7.2 ± 0.3 mN), compared to control conditions (6.5 ± 0.3 mN).
Endothelium-dependent relaxation in small or resistance vessels is still observed in the presence of COX and NO synthase inhibitors, but is usually blocked by increased extracellular K + concentration or K + channel inhibitors (14, 15) .
Role of K + channels and Na + /K + -ATPase
Because IK Ca and SK Ca are especially important in EDHF-mediated relaxation and hyperpolarization of resistance-sized arteries (15-18), we performed experiments to determine the effects of K + channel blockers [100 µM TEA (a nonselective blocker), 10 µM TRAM-34 (an IK Ca channel blocker), and 0.1 µM UCL-1684 (an SK Ca channel inhibitor)] on the oscillatory activity. The concentration of each inhibitor was chosen on the basis of other studies performed in our laboratory (14) . None of these drugs changed the magnitude of oscillatory activity in small mesenteric arteries ( Figure 4B ). Force development during initial PE contraction was slightly increased in the presence of 100 µM TEA (6.9 ± 0.3 mN), 10 µM TRAM-34 (6.8 ± 0.3 mN), and 0.1 µM UCL-1684 (7.0 ± 0.2 mN), compared to control conditions (6.5 ± 0.3 mN).
Another protein that can contribute to changes in cellular K + concentration is the Na + /K + -ATPase pump. Thus, our next goal was to determine if the Na + /K + -ATPase pump plays a role in oscillatory activity. Ouabain (10 µM), a Na + / K + -ATPase inhibitor, completely inhibited vasomotion in murine mesenteric arteries ( Figure 5A,B) . Role of K + channels, NO and COX-derived products in the magnitude of oscillations of small mesenteric arteries. Vessels were contracted with 3 µM PE and endothelium integrity was tested with 10 µM ACh. Oscillatory activity in murine mesenteric vessels occurs after blockade of NOS and COX. Blockade of (A) NO synthesis by incubation with 100 µM L-NAME, (B) inhibition of COX activity with 10 µM indomethacin, or (C) simultaneous incubation with 100 µM L-NAME and 10 µM indomethacin did not change the magnitude of the oscillatory activity (N = 5). B, Oscillatory activity in murine mesenteric vessels occurs after blockade of K + channels. The blockade of (D) potassium channels with 100 µM TEA, a nonspecific blocker, (E) 10 µM TRAM-34, a selective inhibitor of IK Ca channels, or (F) 0.1 µM UCL-1684, a selective inhibitor of SK Ca channels, did not interfere with the magnitude of oscillation phenomena (N = 4 for each inhibitor). Average of 3 cycles were evaluated for each vessel. Data are reported as means ± SEM. NO = nitric oxide; COX = cyclooxygenase; PE = phenylephrine; ACh = acetylcholine; NOS = nitric oxide synthase; TEA = tetraethylammonium; TRAM-34 = tetraethylammonium-34; IK Ca = intermediate calcium-activated K + channel; SK Ca = small calcium-activated K + channel.
Other approaches that modify/inhibit Na + /K + -ATPase activity were also tested, such as changes in the temperature or in the extracellular K + concentration. When the temperature of the myograph was set to 20°C and vessels were equilibrated for 20 min in PSS, the addition of 5 µM PE did not induce oscillatory activity (data not shown). Similarly, if the temperature was maintained at 37°C, but the composition of the PSS was changed to a K + -free solution, no oscillatory activity was observed upon stimulation with PE (data not shown). Force development during initial PE contraction was slightly increased in the presence of 10 μM ouabain (7.2 ± 0.3 mN) and significantly decreased (4.4 ±0.5 mN) when temperature was decreased to 20°C, compared to control conditions (6.5 ± 0.3 mN).
Taken together, these observations suggest that the Na + /K + -ATPase pump plays a major role in the oscillatory activity in murine small mesenteric arteries.
Vasomotion in small mesenteric vessels from ouabain-treated mice
In view of the central function of the Na + /K + -ATPase pump in mouse small mesenteric artery vasomotion, we hypothesized that chronic blockade of the Na + /K + pump with ouabain would abolish the oscillatory activity.
Chronic administration of ouabain to C57BL/6 mice increased MAP in comparison to vehicle-infused mice. During the baseline period (before implantation of minipumps), MAP was similar for the vehicle (105 ± 4 mmHg) and ouabain (106 ± 3 mmHg) groups. Ouabain infusion induced a significant increase in MAP. From days 1 to 14, MAP average was 105 ± 1.7 in vehicle-treated vs 117 ± 2 mmHg in ouabain-treated mice ( Figure 6A ).
Ex vivo vasomotion was not abolished in vessels from ouabain-treated animals, as shown in Figure 6 . Ex vivo oscillatory activity in small mesenteric arteries from ouabain-treated animals was observed upon PE-induced contractile response ( Figure 6B ), but not at basal tension levels, similar to those in vessels from vehicle-treated animals. Introduction of 10 µM ouabain into the bath induced a significant transient contractile response (much greater than that observed in arteries from control animals) and completely abolished ex vivo vasomotion. The magnitude and frequency of oscillatory contraction in arteries from mice infused with ouabain were similar to those in vessels from vehicle-treated animals.
Expression of Na + /K + -ATPase pump
Since vasomotion was not affected by chronic infusion of ouabain, but was indeed abolished by the addition of ouabain to the muscle bath, which in this condition induced a greater transient contraction, we speculated about the possibility of up-regulation of the Na + /K + -ATPase pump in small mesenteric arteries from ouabain-treated mice. The Western blot assays showed that expression of total Na + /K + -ATPase α-subunit (the Figure 5 . Role of Na + /K + -ATPase in oscillations of small mesenteric arteries. Representative tracings showing that oscillatory activity in murine mesenteric vessels relies on Na + /K + -ATPase activity. Vessels were contracted with 3 µM PE and endothelium was tested with 10 µM ACh. A, The inhibition of the Na + / K + -ATPase pump with 10 µM ouabain abolished the oscillatory activity (N = 6) . B, Bar graphs showing that inhibition of the Na + / K + -ATPase pump by 0.1 to 10 µM ouabain resulted in concentration-dependent inhibition of oscillatory activity. Maximal force development during oscillatory activity was measured, and the magnitude of contraction was corrected by initial contraction with PE, which was considered to be 100% contraction. PE = phenylephrine; ACh = acetylcholine. Data are reported as means ± SEM. *P < 0.05 vs control (one-way ANOVA and Bonferroni's post-test).
antibody recognizes all α-subunits) is increased in mesenteric arteries (with endothelium) from ouabain-infused mice ( Figure  7A ). Similar results were observed in aorta and heart from these animals (data not shown).
Since the α-subunit of Na + /K + -ATPase has four isoforms, each with a tissue-specific distribution, and that the α-1 and α-2 isoforms display differential sensitivity to ouabain (whereas α-2 is sensitive to low concentrations of ouabain, the α-1 isoform is inhibited by higher ouabain concentrations) (19, 20) , we determined the expression of α-1 and α-2 subunits in resistance mesenteric arteries from untreated mice. Mouse resistance mesenteric arteries display expression of both α-1 and α-2 isoforms ( Figure 7B) .
Discussion
The present study shows that murine small mesenteric vessels display endothelium-dependent oscillatory contractions, which do not occur at basal tonus and are only observed upon contractile stimuli. Na + /K + -ATPase activity, driven by the Na + /K + -ATPase α-1 and α-2 isoforms, but not K + channels, NO or COX-derived products, plays a major role in the phenomenon. Oscillatory activity is not abolished in vessels from ouabain-treated mice possibly due to the reversible binding of ouabain to Na + /K + -ATPase or because ouabain infusion was able to up-regulate Na + / K + -ATPase expression.
The role of the endothelium in vasomotion differs between vascular beds and species. In some regions, a functional endothelium is essential for vasomotion (21, 22) , whereas in others, vasomotion is observed after endothelium removal (13, 23) . In mouse small mesenteric arteries, this is an endothelium-dependent phenomenon. Specifically in the mesenteric bed, the endothelium seems to play an essential role in vasomotion, as previously reported (11) .
Whereas different mechanisms are able to generate vasomotion, the Na + /K + -ATPase pump plays a key role in the oscillatory activity of murine small mesenteric vessels, as evidenced by the inhibition of the oscillatory phenomenon upon 1) blockade of Na + /K + -ATPase with ouabain, and 2) decreased Na + /K + -ATPase activity achieved by either a low temperature or K + -free solution. Na + /K + -ATPase seems to play an important role in the local vasomotion of the mesenteric vascular bed. In rats, the oscillations are modulated by variations in potassium conductance and Na + /K + -ATPase directly participates in the generation of rhythmic contractions in these vessels (24) . Na + /K + -ATPase is a membrane protein that transports Na + and K + across the plasma membrane against their concentration gradients (19, 25) . The enzyme is involved in several cellular functions, such as transmembrane potential, regulation of intracellular ionic concentrations and blood pressure regulation (19, 26) . An increase in Na + /K + -ATPase activity leads to hyperpolarization and relaxation of smooth muscle, whereas its inhibition by cardiac glycosides induces the opposite effects (25, 27) . It is possible that the oscillatory contraction in small mesenteric vessels reflects a contribution of Na + /K + -ATPase to the membrane potential: the relaxation phase matches membrane hyperpolarization driven by the enzyme whereas the contraction phase is coincident to the enzyme being inactive.
The electrogenic nature of the Na + /K + pump leads to oscillations in membrane potential, which could spread to neighboring cells. This suggestion is supported by the observation of several investigators that ouabainmediated inhibition of Na + /K + -ATPase blocks vasomotion (23, 24, 28, 29) . However, how the Na + pumps of individual cells are entrained in this model to effect synchronized vasomotion in larger areas has not been discussed.
Chronic blockade of Na + /K + -ATPase with ouabain was induced to determine if this pharmacological maneuver would abolish or alter the oscillatory activity. The present study shows that ex vivo vasomotion is preserved in ouabain-treated animals, possibly due to increased Na + / K + -ATPase expression, demonstrated here both by molecular (Western blots) and pharmacological (contraction induced by ouabain incubation) approaches. Interestingly, vasomotion is increased in pathophysiological conditions such as hypertension, both in human and experimental models (30-32), but was not altered in ouabain-treated mice despite the increased arterial pressure. The possibility that plasma levels of ouabain in our treatment were too low and, therefore, ineffective to block Na + /K + -ATPase, can be ruled out by our observation that ouabain infusion induced up-regulation of Na + /K + -ATPase expression and blood pressure. In agreement, Dostanic et al. (33) showed that mice treated with ouabain (300 µg·kg -1 ·day -1 ) displayed serum ouabain-like reactivity significantly higher than the corresponding saline control groups and that these levels were sufficient to induce hypertension.
Although one may question the physiological relevance of vasomotion that is not changed in a pathological situation, others may argue that the phenomenon per se has such a relevant function that the organism compensates. In this case, by up-regulating the enzyme, Na + /K + -ATPaseassociated vasomotion is maintained when ouabain is present. We have eliminated the possibility that oscillations are the result of injury in these vessels by testing vessel responsiveness to a series of agents.
The Na + /K + -ATPase α-1 isoform of rodents has unusually low affinity for ouabain (EC 50 >50 µM) whereas, in mammals, the α-2 isoform has high ouabain affinity (EC 50 >50 nM) (19, 34) . Our data show that both α-1 and α-2 isoforms of the Na + /K + -ATPase are expressed in mouse small mesenteric arteries. In addition, micromolar concentrations of ouabain in the muscle bath (concentration range of 1 to 10 µM) were able to completely abolish vasomotion. Although the α-1 isoform was expressed relatively more than the other isoforms, oscillatory activity was inhibited by concentrations of ouabain that inhibit the α-2 isoform, but not the "ouabaininsensitive" α-1 isoform (35) . Our results, suggesting that the α-2 isoform subunit contributes to oscillatory activity, are consistent with reports demonstrating that the Na + / K + -ATPase α-2 isoform mediates ouabain-induced hypertension in mice as well as changes in vascular contractility following chronic administration of ouabain (33, (35) (36) (37) .
The results of the present study show that Na + /K + -ATPase plays a major role in oscillatory activity in mouse resistance arteries. In addition, mesenteric resistance arteries express both the α-1 and α-2 isoforms of Na + / K + -ATPase and both isoforms may contribute to oscillatory activity. Since oscillatory activity occurs upon agonist stimulation, it will be interesting to determine whether protein kinase C-induced phosphorylation of Na + /K + -ATPase is the mechanism driving the pump activity. In addition, because it is an endothelium-dependent event and Na + /K + -ATPase exhibits a wide tissue distribution, the initial event driving Na + /K + -ATPase activation will be addressed in the future.
